The protocol used for intermittent photic stimulation (IPS) may determine the likelihood of evoking a photoparoxysmal response (PPR). One-hundred and thirty-five electroencephalograms (EEGs) presenting PPRs, from 125 patients were studied in order to identify the most effective stimulation frequency to evoke a PPR and the effects of repetition of IPS on the occurrence of a PPR. Two stimulation protocols were used: protocol I (starting at 18 Hz and then testing at 2, 6, 8, 10, 15, 20, 30,40. 50, 60 Hz) and protocol II (stimulating at 2, 6, 8, 10,15, 18, 20, 30,40,50,60 Hz). Protocol I was used for patients not known to be photosensitive whereas protocol II was used for patients known to be photosensitive before recording. Both latency and PPR grade for frequencies which evoked PPR were measured in all records. The most epileptogenic frequencies (those evoking grade 4 PPRs at the shortest latency) were within the range 15-18 Hz for both protocols. In the records where the IPS was repeated at the same frequency, the PPR latency and grade seen during the first and second stimulation trial were studied in order to establish habituation or potentiation of responses. Repetition of IPS at the same frequency induced habituation more often than potentiation, but only if trials were repeated consecutively which suggests that habituation is frequency specific and trials repeated during EEG recordings to confirm photosensitivity to a particular frequency should be separated in time or be non-consecutive. Five patients studied with protocol I (10.6%) showed a grade 4 PPR only during the initial trial at 18 Hz. Thus, as a general screening procedure for testing for photosensitivity commencing stimulation at 18 flashes/s appears to be justified. The combination of two different protocols delivered to patients with and without a history of photosensitivity appears to achieve a sensible compromise having a high likelihood of demonstrating photosensitivity with a minimum risk of precipitating seizures.
INTRODUCTION
Five percent of patients with epilepsy are photosensitive, 70% of whom have seizures precipitated by visual stimuli and in 40% of them, seizures are exclusively precipitated by visual stimulation'**. In a nation-wide study on photosensitivity and seizures induced by electronic games in the United Kingdom, it was reported that photosensitivity was present in 10% of patients presenting with seizures between 7 and 19 years3. The prevalence of photosensitivity in idiopathic generalized epilepsy can be as high as 25%4. Thus, intermittent photic stimulation (IPS) is routinely included in electroencephalographic (EEG) recording and is used to assist the diagnosis and classification of epileptic syndromes.
1059-131 l/98/030249 + 07 $12.00/O This procedure, originally described by Walter et up, typically involves delivering trains of light flashes for several seconds at a fixed frequency (stimulation frequency or flash rate), although some authors have used sweeps of increasing and decreasing flash rate&'. IFS elicits in normal subjects a photic following response which probably represents confluent visual evoked responses*. More or less atypical responses can also be seen, not always associated with epilepsy, which are often designated photoparoxysma1 responses (PPR) and have been classified in four grade@. Only grade 4 (generalized spike and wave activity) is strongly associated with epilepsy6*'. It is nevertheless difficult to evaluate the findings from different authors with respect to IFS because of the wide variety of techniques used and the lack of standard-K. Topalkara et a/ ized protocols8,9. However, the establishment of a protocol to detect and quantify photosensitivity necessarily implies a compromise as it is important to establish the range of stimulation frequencies to which the patient is sensitive but to avoid distress and minimize the likelihood of inducing a seizure.
The stimulation frequencies used have varied from 10 to 100 Hz (1 Hz = 1 flash/s) and the optimum rates to induce grade 4 PPRs have been found to be between 15 and 20 Hz'~'*. It appears that not only the stimulation frequency but also the repetition of stimulation trials are crucial conditions to determine the occurrence of a grade 4 PPR. It has long been claimed that 'once stimulation has caused a paroxysmal disturbance, application of the light in exactly the same manner may not cause a similar disturbance for a period of time thereafter varying from seconds to minutes' and such findings were taken to result from variations in the subject's propensity to exhibit a paroxysmal response to photic stimulation". Thus, it seems that not only methodological issues, but also the intrinsic state of the subject can influence the likelihood of inducing photosensitivity, which indeed can be affected by sleep deprivation2', pharmacological treatment" and seasonal factors22. Brausch and Ferguson23 found that the duration and amplitude of successive PPRs to the same stimulus tended to diminish if series of flashes were delivered less than 30 seconds apart. This study, however, was limited to a very small number of subjects (two patients and two relatives). In contrast, Walter and Walte?4 found that the latency of response tended to decrease after each exposure so that after six or seven trials, responses occurred only a second after the onset of stimulation. However, observations were presented anecdotally, the number of subjects who showed this finding was not specified and the description of the phenomenon suggests it was in fact a photomyoclonic response25, which does not appear to be associated with epilepsy. Capron reported both habituation and potentiation of photoconclusive responses. In addition, responses tend to vary from day to day, perhaps depending on the state of arousal and alertness2'. Bickford and Klaus2* reported that the PPR varied even when stimulation parameters were kept apparently constant, but the patient was stimulated with her eyes closed. Chatrian et a129 reported a marked variability in the latency and duration of the response from one stimulation to the next, whether the stimulus was flashing light or pattern. When stimulating with a rigid procedure consisting of repeating every 3 minutes a series of six stimulus presentations, each of 20 seconds duration, separated by intervals of 40 seconds, the authors found that response duration ranged from 1 to 12 seconds and latency from 0.7 to 6 seconds within the same patient. Such variability in results from different centres suggests that the protocol used for IPS could determine the likelihood of evoking a grade 4 PPR, and its duration and latency. A protocol adopted in several laboratories with a particular interest in photosensitivity seeks to maximize the probability of demonstrating a PPR by starting stimulation with the most epileptogenic frequencies (15-18 Hz) in order to avoid habituation at such frequencies by previous stimuli". However, no direct evidence to justify such an approach has yet been provided and the need for evidence-based, standardized procedures for testing photosensitivity has long been suggested3'. In patients with history of photosensitivity, the risk of inducing seizures during testing can be minimized by starting at frequencies unlikely to be epileptogenie and increasing or decreasing the stimulation frequency in order to find the lower and upper limits of the epileptogenic range. This procedure avoids stimulation at the most epileptogenic frequencies, located within the epileptogenic frequency range. In our centre, we start stimulation in known photosensitive subjects at 2 Hz and gradually increase the stimulation frequency until a PPR is seen. Stimulation is then resumed at 60 Hz, gradually decreasing the stimulation frequency until the upper frequency limit of the epileptogenic range is found (Protocol II). In patients not known to be photosensitive, the overwhelming majority of those undergoing diagnostic EEG examination, we commence stimulation at 18 Hz and then test for lower and higher frequencies (Protocol I).
In this study, we aimed to confirm the most effective stimulus frequency to evoke a PPR and to establish if repeating stimulation or initiating the procedure with the most epileptogenic frequency will affect the likelihood of inducing a PPR. For this purpose, these two different stimulation procedures (Protocols I and II) were compared.
MATERIALS AND METHODS
One-hundred and thirty five consecutive electroencephalograms with PPR, from 125 patients, recorded at the Maudsley or Ring's College Hospitals during the last 6 years were retrospectively reviewed. PPRs were classified into four grades according to the criteria of Waltz et a16. If more than one grade of PPR was obtained with a particular set of stimulation parameters, the response was classified in the highest grade. Stimulation protocols tive. Eighty-six records employed protocol I, and 49, protocol II. A Grass PS 22 photic stimulator was used. The lamp was placed 30 cm in front of the nasion and the patient was asked to fixate on the centre of the lamp. Stimulation was delivered at intensity setting 8, which corresponds to approximately 100 nit-se&lash. Stimulation was commenced as the patient closed his/her eyes, which some studies have shown to be more epileptogenic than starting stimulation with eyes either closed or open'. If no PPR occurred, the patient was asked to open his/her eyes 4 seconds after onset of stimulation which was continued for a further 4 seconds (for up to 8 seconds from onset of stimulation). In the absence of a PPR, the next stimulus train commenced after an interval of 12 seconds during which the eyes remained open and the next test frequency was selected; thus stimulus trains commenced at 20 second intervals. Two photic stimulation protocols were used which differed only in respect of the first stimulation frequency (flash rate) used. Protocol I was used for patients not known to be photosensitive before recording. In this protocol successive series of IPS were applied first at 18, and then following the sequence 2, 6, 8, 10, 15, 20, 30, 40, 50 , and 60 Hz until a grade 4 PPR was elicited. After the lower PPR threshold had been determined, the reverse sequence was followed commencing at 60 Hz until the upper threshold was identified. Protocol II was used for patients known to be photosensitive before recording. In this protocol, the initial 18 Hz stimulus was omitted and 18 Hz was inserted in the sequence between 15 and 20 Hz. Thus in patients not presumed to be photosensitive, IPS was started with the frequency which the investigators expected to be most epileptogenic in the general photosensitive epileptic population, namely 18 Hz3* ' ' . If a PPR grade 2 or above occurred at any frequency, stimulation was turned off immediately and the patient's behaviour or subjective experiences were annotated. Stimulation was then repeated at the same frequency to confirm that the finding was consistent and not due to coincidental spontaneous discharges. If .a PPR grade 4 was seen in two consecutive trials while progressively moving up from the lower frequencies, it was assumed that the lower-frequency threshold had been found. Stimulation was then resumed starting at the top frequency (60 Hz) and successive trials were delivered working downwards in order to find the upper frequency threshold. When upper and lower thresholds had been established, intermediate frequencies were usually not tested as this was thought to carry a greater risk of inducing a seizure. Sometimes additional frequencies, adjacent to the threshold were also tested at the discretion of the technician, in order better to define the range of frequencies to which the patient was sensi-
Most epileptogenic frequencies
Since only grade 4 PPRs are strongly associated with epilepsy6q7 for each EEG record that showed grade 4 PPR, the photosensitivity range was determined, defined as the frequencies between the lower and higher frequency thresholds for inducing a grade 4 PPR. All untested frequencies within the photosensitivity range are assumed to be epileptogenic. The number of patients where each frequency was shown or assumed to be epileptogenic was then determined for protocols I and II. Records without a grade 4 PPR are excluded from this analysis.
Habituation and potentiation
In all records where stimulation with frequencies which evoked PPR of any grade was repeated, the PPR latency and grade seen during the first and second trials of stimulation at the same frequency were studied in order to establish if successive trials at the same frequency induced habituation or potentiation of responses. PPR latency was measured as explained in the previous section. Habituation was considered to exist if successive trials were associated with longer latency responses or with lower grade responses. Potentiation was inferred if successive trials induced responses with shorter latency or of higher grade.
Effects of presenting 18 Hz first
In order to establish the efficacy of presenting an initial trial at 18 Hz, we have studied patients submitted to protocol I who were photosensitive (showed a grade 4 PPR) at 18 Hz, and had a second stimulation at this frequency after stimulating with other frequencies. We have determined whether the grade or latency of the response was different at the later trial at 18 Hz and identified patients where a grade 4 PPR was exclusively seen during the initial trial at 18 Hz.
RESULTS
Of the total 125 patients, 75 (60%) were female and 50 (40%) were male. The mean patient age was 20.44 years (range l-70 years), with a standard deviation of 10.92. Table 1 shows the number of patients and records classified by maximum grade of Most epileptogenic frequencies Table 2 shows the number of times that each frequency was found to be epileptogenic for each stimulation protocol and for both protocols together, with regard to PPR grade 4 (74 patients). Only records showing PPR grade 4 were included: 47 records for protocol I and 34 records for protocol II. In patients undergoing protocol I, partial epilepsy was diagnosed in 17 records and generalized epilepsy in 30 records. In patients undergoing protocol II, partial epilepsy was suggested in 13 records and generalized epilepsy in 21 records. Most generalized epilepsies were idiopathic. In both protocols, 18 Hz was the frequency found epileptogenic in the largest number of records. At any frequency a PPR was more probable with protocol II but the distribution shows a sharper peak at 18 Hz for protocol I than for protocol II, as a larger proportion of patients sensitive exclusively to 18 Hz were identified by protocol I than by protocol II.
Habituation and potentiation Table 3 shows changes in latency and response grade induced by repetitions of IPS at the same frequency in 191 pairs of repeated trials. After repetition at the same frequency, latency increased on 97 occasions whereas it decreased on 76 and did not change on 18. Response grade increased in 55, decreased in 71 and did not change in 65 occasions. The overall trend towards increased latency and decreased response grade may suggest habituation. However, x2 analysis revealed no significant differences between the proportion of occasions in which latency increased and decreased nor between the number of occasions when response grade increased or decreased. Separate analysis of repetitions in consecutive and non-consecutive trials (performed more than 20 seconds apart with at least one other IPS trial delivered at a different frequency between repetition trials) is also shown in Table 3 . In non-consecutive repetitions, there is a trend towards reduced latency and increased grade, but this is not significant. However, when changes in latency or response grade after consecutive repetitions are analysed, there are very significant differences between the proportion of occasions when this condition apparently induced habituation or potentiation. Latency increased on 74 occasions and decreased on 44 (x2 = 7.63, 1 degree of freedom, p < 0.01) and did not change in 14 occasions. PPR grade increased in 31 occasions and decreased in 54 (x2 = 6.22, 1 degree of freedom, p < 0.025) and did not change in 47 occasions. Thus, it appears that repetition of stimulation trials induces habituation more often than potentiation only if repetition trials are delivered closely in time.
Effects of presenting 18 Hz first
There were 15 patients submitted to protocol I who were photosensitive (showed a grade 4 PPR) at 18 Hz, and in whom a second stimulation at this frequency was repeated after presenting trials at other frequencies. Two of these patients showed grade 4 PPR associated with both trials at 18 Hz. In seven patients, the PPR induced during the later trials at 18 Hz showed a higher grade PPR than that seen during the first trial. In six patients the response associated with the later trial was of lower grade than that seen during the first trial.
In five patients, a grade 4 PPR seen during the initial trial at 18 Hz was the only grade 4 PPR seen throughout the record, including the second nonconsecutive trial at 18 Hz. In three of these five patients, only lower grade PPRs were seen in later trials at any frequency. By contrast, no patients studied with protocol II showed grade 4 PPR only on the first stimulation trial.
DISCUSSION
The results shown above confirm that 18 Hz is the most epileptogenic of the frequencies tested. This appears to be independent of the protocol used and confirms previous reports suggesting that 15-18 Hz are highly effective in inducing PPR'4*30. However, the peak of epileptogenicity at 18 Hz is blunter for protocol II than for protocol I, as relatively fewer patients were sensitive at 15 or 20 Hz with protocol I. It may be noted that although all patients subjected to protocol II were known to have exhibited photosensitivity previously, 15149 records did not show a grade 4 PPR on this occasion. Five patients of the 47 studied with protocol I (10.6%) showed a grade 4 PPR only during the initial trial at 18 Hz, despite re-testing 18 Hz later in the procedure. This finding is unlikely to be due merely to the effects of delivering the first stimulation, as no patients studied with protocol II showed grade 4 PPR only on the first stimulation trial. Repetition of IPS with the same frequency induced habituation more often than potentiation if trials were repeated consecutively. These findings are consistent with those reported by Brausch and Ferguson23, who found frequent habituation if trials were delivered within 30 seconds. Since these effects are not apparent in non-consecutive repetitions, during which there would be stimulation at different frequencies between repetitions at the target frequency, the results suggest that habituating effects of repetition are frequency specific. This finding is consistent with the report by Forster er al (1964) who tried in vain to inhibit photosensitivity in one patient by repeated trials of binocular photic stimulation starting at the limits of the non-epileptogenic frequency range for that subject and gradually moving into more epileptogenic frequencies. Interestingly, frequency specific habituation appears to extend to monocular trials as suggested by the findings by Forster and Campos3' who showed protection to photosensitivity after non-epileptogenic monocular stimulation at the frequencies shown to be epileptogenic by binocular stimulation, and this protection was markedly frequency -specific. These authors suggested that their findings may have implications for the therapy of photosensitivity, but unfortunately have not been replicated in some, admittedly small series (32, one patient;33, three patients). Because in our larger series, habituation is only present in around 40% (for PPR grade) and 30% (for latency) of patients, the lack of reproducibility in small series is not surprising. Nevertheless habituation appears to be short lived which would pose a significant limitation for its application in therapy. In fact Braham32 found a degree of habituation during the initial trials although the overall result was disappointing. However, according to our findings the results from Forster et al should perhaps be interpreted in terms of physiological habituation rather than being discarded on arguments based on conditioning theory33.
We have found changes which may be interpreted as habituation or potentiation after repeated trials at a fixed frequency. This could be due to a random variation except in the case of habituation on consecutive trials as this was significant. The finding that habituation was significantly more frequent than potentiation may appear surprising, as repeated electrical stimulation of certain neural structures, such as the hippocampal formation, tends to decrease seizure threshold and this phenomenon has frequently been used as an experimental model of epilepsy. It should be taken into account that in the process of IPS the visual cortex is activated only after different stimuli have been processed by other intermediate structures such as the retina and the lateral geniculate nucleus. In this respect, both adaptation to long-lasting stimuli and habituation after repeated stimulation are readily seen in single neurones along the visual pathway34,35. Lateral inhibition provoked by widespread stimulation of the retina could, in principle, explain habitua-tion but given the relatively long period of time elapsing between successive trials, this appears an unlikely possibility.
It is unclear whether PPRs grade 4 arise from a pathological exacerbation of essentially normal visual responses or constitute a totally different entity. There is little doubt that the visual cortex is important in the development of a PPR response'.'8*36*37. It has been reported, for instance, that in eight of 15 photosensitive patients, IPS induced a prominent driving response which increased rapidly in amplitude and evolved into a generalized discharge whereas in the other seven patients discharges appeared to occur simultaneously all over the head or earlier over the anterior regions 27. These populations could not be distinguished on the basis of clinical history or resting EEG patterns. The same authors reported that the earlier components of visually evoked responses to flashing lights showed remarkably larger amplitude in photosensitive epileptic patients, particularly in patients belonging to the first group. Thus, although PPR most likely originate via the visual cortex, it seems that two different mechanisms can be responsible for their EEG features (e.g. slow versus fast propagation) and these may be distinctly affected by peripheral or repeated stimulation (e.g. habituation versus potentiation). For instance, it has been reported that patients with idiopathic generalized epilepsy are more susceptible to precipitation of epileptiform discharges by peripheral stimulation whereas in patients with partial epilepsy, discharges are more likely to be suppressed by such stimulation3*. This heterogeneity in patient population could explain the conflicting results reported by different authors and our own findings that both habituation and potentiation can be seen in apparently similar patient populations. Here, too, the time course of stimulation parameters appears to be crucial. For instance, the amplitude of non-averaged responses to dual flash stimulation obtained from patients belonging to the first group depends on the time existing between the two flashes so that no conspicuous non-averaged response can be seen for interstimulus intervals greater than 130 ms2'.
In practical terms, these results suggest that if IPS is repeated at the same frequency to confirm the existence of a response while recording, repetitions should be separated in time or be non-consecutive, stimulating at other frequencies between repeated trials. Given that habituation seems to be frequency specific, the order in which the different frequencies are delivered probably will not affect the yield of PPR significantly. Nevertheless, 10.6% of patients tested with protocol I showed a grade 4 PPR only during the initial trial at 18 Hz. Although the numbers are small, this may be considered to justify the use, as a general screening procedure for photosensitivity, of K. Topalkara et a/ stimulation commencing at 18 flashes/s as proposed by Binnie . " The combination of two different protocols delivered to patients with and without history of photosensitivity appears to achieve a sensible compromise having a high likelihood of demonstrating photosensitivity with a minimum risk of precipitating seizures.
